Objective Acute exacerbations of idiopathic pulmonary fibrosis (AE-IPF) are fatal episodes of acute respiratory worsening of unknown etiology. Previous studies on acute respiratory distress syndrome have shown that direct hemoperfusion with a polymyxin B-immobilized fiber column (PMX-DHP) can have a beneficial effect on the respiratory status. This retrospective study investigated the prognosis and survival outcome of patients with AE-IPF who underwent PMX-DHP. Methods We examined the records of 50 patients with AE-IPF treated in our hospital. All patients received corticosteroid pulse therapy. We compared the disease outcome between 27 patients who underwent PMX-DHP (PMX group) and 23 patients who did not (non-PMX group). The independent predictors of survival were determined using Cox proportional hazards analyses. Results A multivariate analysis of all patients revealed that PMX-DHP therapy was a significant predictor of survival (HR=0.442, 95% CI 0.223-0.873; p=0.019). The 12-month survival rate was significantly higher in the PMX group than in the non-PMX group (41.7% vs. 9.8%; p=0.040). According to a subanalysis of the PMX group, the time from AE-IPF onset to PMX-DHP was a significant predictor of survival (HR=1.080, 95% CI 1.001-1.166; p=0.049). Conclusion PMX-DHP improved the prognosis of AE-IPF. The time from AE-IPF onset to PMX-DHP may therefore be informative for predicting the patient outcome.
Introduction
Idiopathic pulmonary fibrosis (IPF) is characterized by chronic, progressive, fibrosing interstitial pneumonia of unknown cause. The median survival time for IPF from the onset of symptoms and from the initial visit are 105 months and 69 months, respectively (1) . Recently, it has been recognized that some patients with IPF experience acute respiratory deterioration, termed acute exacerbation (within 1 month), and often fall into respiratory failure and death. The mean survival time from the onset of acute exacerbation is only 1.5 months (2) (3) (4) (5) . Current therapies, including highdose corticosteroids, anti-inflammatory and immunosuppressive agents provide little benefit for patients with acute exacerbations of IPF (AE-IPF) (6) (7) (8) (9) (10) . Therefore, a new therapy with high efficacy is needed for the treatment of AE-IPF.
The polymyxin B-immobilized fiber column (PMX) was originally developed for the removal of endotoxin in treating endotoxemia (11) . It has been reported that direct hemoperfusion with PMX (PMX-DHP) improves oxygenation in patients with acute lung injury or acute respiratory distress syndrome (ARDS), which usually manifests diffuse alveolar damage (12) (13) (14) . In addition, PMX-DHP has also been reported to have a beneficial impact in AE-IPF patients on the respiratory status and long-term outcome (15) (16) (17) (18) (19) . However, it remains unclear whether PMX-DHP treatment is a useful therapeutic option for AE-IPF. Although two recent comparative studies have suggested a better survival of rapidly progressive interstitial pneumonia in patients treated with PMX-DHP, compared to those treated without PMX-DHP, further studies are needed to support their findings (20, 21). The present study includes a larger number of AE-IPF patients to compare the survival between patients treated with and without PMX-DHP and identify the prognostic factors in patients who undergo PMX-DHP and show the effects of PMX-DHP at the early phase of AE-IPF onset.
Materials and Methods

Patients
We retrospectively reviewed the medical records of patients with AE-IPF who were hospitalized at NHO Yamaguchi-Ube Medical Center between July 2006 and July 2014. The patients who had the following disease(s) were excluded from this study: 1) hemodynamic instability, 2) severe cardiovascular disease, 3) severe hemorrhagic disease, 4) terminal cancer. During the study period, PMX-DHP for AE-IPF was initiated at our hospital in April 2008. From July 2006 to April 2008 all patients were treated without PMX-DHP therapy, but with antibiotics and high-dose corticosteroid therapy [methylprednisolone (mPSL) 1,000 mg/ day for 3 days] regardless of the severity and course of AE-IPF. After April 2008, patients received PMX-DHP therapy according to the judgement of each physician when the disease was refractory to the initial high-dose corticosteroid therapy. They were informed about the PMX-DHP therapy and those who consented to the treatment and had not immediately responded to mPSL were treated with PMX-DHP. The study subjects consisted of fifty patients, 27 of whom were treated with PMX-DHP (PMX group) and 23 of whom without PMX-DHP (non-PMX group). This retrospective study was approved by the institutional review board of NHO Yamaguchi-Ube Medical Center (Approval number: 27-22, Approval date: January 6, 2016), and written informed consent was obtained from each patient or their family.
Patients with IPF were diagnosed according to the current American Thoracic Society criteria (22). AE-IPF was diagnosed with criteria proposed by Collard et al. (4) and the guideline of the Japanese Respiratory Society (23), with slight modifications. These criteria were: (1) An unexplained worsening or the development of dyspnea within 30 days; (2) high resolution computed tomography that showed a new, bilateral, ground-glass abnormality and/or consolidation superimposed on a background of a reticular or honeycomb pattern, which was consistent with a usual interstitial pneumonia pattern; (3) no evidence of pulmonary infection; and (4) exclusion of alternative causes, including left heart failure, pulmonary embolism, and an identifiable cause of acute lung injury. All patients with AE-IPF in this study were confirmed to be negative for bacteria, fungus, and mycobacterium, based on sputum and blood cultures. Bronchoalveolar lavage (BAL) (n=14), and endotracheal aspiration (n=14) were performed. Serological tests were negative for endotoxin, Mycoplasma pneumoniae, Chlamydia pneumoniae, Legionella, and viruses, including cytomegalovirus, influenza virus, parainfluenza virus, hepatitis B virus, hepatitis C virus, and human immunodeficiency virus.
PMX-DHP treatment
After the corticosteroid pulse therapy, PMX-DHP (Toraymyxin 20R; TorayMedical Co., Tokyo, Japan) was performed for 6 h/day, on 2 successive days. Before use, a PMX-fiber cartridge was rinsed with 4 L physiological saline and primed with 2,000 U heparin sodium dissolved in 0.5 L saline. Blood access for PMX-DHP was obtained with a double-lumen catheter inserted into the femoral vein. The PMX-fiber cartridge was then connected to a polymethyl methacrylate membrane (Hemofeel CH-1.0N, Toray Medical Co.) that returned blood to the femoral vein. PMX-DHP was performed at a flow rate of 80-100 mL/min. Heparin sodium was used as an anti-coagulant.
Data analysis
The medical records were analyzed for the clinical background and outcome. The patient characteristics were compared between the PMX and non-PMX groups. Independent predictors of survival were determined by the Cox proportional hazards analysis. The predictors of survival were evaluated in all patients with AE-IPF (n=50) and in patients who received PMX-DHP (n=27).
Statistical analysis
The Mann-Whitney U test and chi-square test were used to determine statistically significant differences in the patient characteristics between the PMX and non-PMX groups. The change in the ratio of partial alveolar O2 pressure to the fraction of inspired O2 (ΔP/F ratio) was compared between the groups using the Mann-Whitney U test.
The survival time was calculated from the start of mPSL therapy to the date of data cut-off (July, 2015) . Patients lost to follow-up were censored at the date of the procedure or at the last clinical contact. Non-disease-related deaths were censored. The survival rates were estimated using the Kaplan-Meier method and compared between the groups with the log-rank test. Prognostic factors were analyzed with the Cox proportional hazard model. Each variable was in- vestigated by a univariate analysis; then, a multivariate analysis was performed with a stepwise algorithm.
Differences were considered significant at p<0.05. All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing, version 2.13.0).
Results
Patient characteristics
The demographic and clinical features of the study cohort are shown in Table 1 . There was no significant difference between the two groups with regard to pulmonary function, ICU scoring systems, P/F ratio, additional pharmacological therapy, respiratory care, and laboratory data. There was no evidence of pulmonary infection by BAL (n=14) and endotracheal aspiration (n=14).
Details and safety of PMX-DHP
The details of PMX-DHP are shown in Table 2 . After the interval of 1-22 days from the onset of AE-IPF event, PMX-DHP was performed. Eleven patients (40.7%) underwent PMX-DHP within seven days after disease onset. The interval between mPSL pulse therapy and PMX-DHP was 0-13 days: 0 day in seven patients, 1-2 days in nine, 3-6 days in eight and 7-13 days in three. The intervals between mPSL administration and PMX-DHP varied among the patients, due to varying degrees of precipitated subjective symptoms and hypoxia or treatment with mPSL several days before admission to our hospital. All patients, except for one, were treated with two cycles of PMX-DHP. Mild pulmonary thromboembolism occurred in one patient who recovered af- ter anticoagulant therapy. Mild local hematoma following trans-femoral puncture occurred in one patient, which resolved spontaneously. Several patients had mild thrombocytopenia after PMX-DHP treatment, but all patients recovered without blood transfusion. The effect of treatment on ΔP/F ratio is shown in Fig. 1 . P/F ratio was markedly improved in the PMX group whereas it was not in the non-PMX group (59.0±15.9 vs. 2.2±17.2, mean±SEM, p=0.044).
Survival analysis
Throughout the median observational period of 42.0 days (range, 1-1,656 days) 38 patients (76.0%) died. Estimated 30-and 90-day survival rates using the Kaplan-Meier method were 60.0% and 45.9% in the whole study subjects, respectively. The overall survival was significantly longer in the PMX group than the Non-PMX group: median survival time, 192 days in the PMX vs. 29 days in the non-PMX. The estimated 30-and 90-day survival rates were significantly better in the PMX group than in the non-PMX group: 30-day survival rate, 70.4% in the PMX vs. 47.9% in the non-PMX and 90-day survival rate, 63.0% in the PMX vs. 26.1% in the non-PMX (p=0.040, log rank test; Fig. 2 ). The 12-month survival rate was also significantly better in the PMX group than in the non-PMX group (41.7% vs. 9.8%).
Predictors of survival in patients with AE-IPF
To investigate the effect of PMX-DHP treatment on survival, we constructed a Cox proportional hazard model to analyze the various clinical variables in all patients with AE-IPF (Table 3) . A univariate analysis identified a total of 2 statistically significant predictors of survival, i.e., PMX-DHP treatment and P/F ratio. A multivariate analysis also identified these factors, PMX-DHP [HR=0.442, 95% confidence interval (95% CI) 0.223-0.873; p=0.019], and P/F ratio (HR =0.994, 95% CI 0.988-0.999; p=0.021).
Prognostic factors in the PMX group
To investigate the factors that contributed to the prognosis in the PMX group, we constructed a Cox proportional hazard model to analyze the clinical variables of patients in the PMX group (Table 4) . According to a univariate analysis, only the time from the onset to PMX-DHP treatment was found to be a significant predictor of survival (HR=1.080, 95% CI 1.001-1.166; p=0.049). Fig. 3 shows the survival curves of two subgroups of the patients stratified by the time from AE-IPF onset to PMX-DHP treatment (<8 days, ! 8 days). The overall survival was significantly longer in the early PMX group than in the late PMX group: median survival time, 381 days in the early PMX vs. 39 days in the late PMX. We carefully analyzed that patients' backgrounds and the disease severity was closely similar between the two subgroups (Table 5) . No significant differences were seen in the patients' backgrounds and disease severity, such as age, pulmonary function, P/F ratio, additional pharmacological therapy, and laboratory data except for the CRP level.
Discussion
Currently, there is no established treatment for AE-IPF. Empirically, AE-IPF has been treated with high-dose corticosteroids, antibiotics, and immunosuppressive agents (6-10). However, these agents provide little bene- (15) . In the study, four of six patients who were treated with PMX-DHP showed a dramatic improvement in pulmonary oxygenation and survived for longer than 30 days, while later being successfully weaned from mechanical ventilation. After that, several groups reported a therapeutic potential of PMX-DHP for improving oxygenation and safety in a small population of patients with AE-IPF (16, 18, (24) (25) (26) (27) (28) . Recently, Abe et al. reported the effect of PMX-DHP on pulmonary oxygenation and survival in a multicenter retrospective analysis of patients with AE-IPF, suggesting that PMX-DHP significantly improves the P/F ratio and provides a clear survival benefit (19).
The mechanism underlying the beneficial effects of PMX-DHP in AE-IPF remains uncertain. Recent reports have described the beneficial effects of PMX-DHP on inflammatory cells or mediators. Seo et al. (15) 17, 28) showed that PMX-DHP reduced HMGB-1, matrix metalloproteinase-9 (MMP-9), and activated neutrophils in patients with AE-IPF. Moreover, using molecular biological and microscopic techniques, they showed that PMX-fibers could bind HMGB-1, MMP-9 and activated neutrophils. We previously analyzed cytokines bound to PMX-fibers after PMX-DHP in patients with AE-IPF (31) and showed that circulating proinflammatory, profibrotic, and proangiogenic cytokines were adsorbed onto PMX-fibers.
Previous studies reported that PMX-DHP treatment resulted in a 3-month survival rate of 26-61% after AE-IPF onset (19-21, 30) . In our study, estimated 3-month survival rate of 63.0% in the PMX group was equal to or higher than those reported in the previous studies. Enomoto et al. reported a 12-month survival rate of 48.2% after AE-IPF onset (21). The 12-month survival of 41.7% in the PMX group in our study was comparable with those previously reported.
We also showed that the time from onset to PMX-DHP treatment was informative for predicting the outcome in patients with AE-IPF. As shown in Fig. 3 , the prognosis was less favorable when the start of PMX-DHP treatment was delayed. In previous reports, PMX-DHP therapy was performed after corticosteroid pulse therapy. However, according to a multicenter retrospective analysis in Japan, PMX-DHP therapy combined simultaneously with corticosteroid pulse therapy might be more effective than the sequential protocol (32). Enomoto et al. described the possibility that the timing of PMX-DHP may have affected the prognosis (21). In their study, the timing of PMX-DHP was almost the same as high-dose corticosteroid therapy in the majority of patients (85%), and so they did not evaluate the relevance of the timing of PMX-DHP to the prognosis. Because the timing of PMX-DHP therapy in our study tended to vary, we attempted to evaluate the effects of PMX-DHP at the early phase of AE-IPF onset. In the present study, seven patients who underwent PMX-DHP on the same day as the mPSL pulse therapy showed a better 12-month survival rate (83.7%, data not shown). We conducted PMX-DHP therapy as early as possible, because such patients may deteriorate during the evaluation of the effect of corticosteroid pulse therapy. Recently, based on a pathological examination of lung tissue specimens obtained from patients with ARDS, Thille et al. showed that diffuse alveolar damage proceeds to irreversible fibrosis within a few weeks after onset. They proposed that treatments which might potentially suppress inflammation, fibrosis, or both, should focus on the first week after onset of ARDS (33) . In this study, because we expected early PMX-DHP treatment to be effective, we decided that the PMX-DHP treatment should focus on the early phase after the onset of AE-IPF. Furthermore, we recognized that it is important to minimize any delays in the diagnosis and treatment of AE-IPF. According to our experience, the causes for the delays lie in both patients and doctors. To minimize such delays, education is important to encourage them to consult medical institutions as early as possible. To minimize doctor delays, smooth cooperation between regional medical institutions is important. On the other hand, whether early PMX-DHP is an adequate treatment remains to be determined. Patients receiving PMX-DHP concurrently with high-dose corticosteroid therapy may have not proved to be refractory to the monotherapy of high-dose corticosteroids. AE-IPF is a heterogeneous complication observed in patients with IPF in terms of both radiological and pathological features (34, 35) . Further studies are required to determine the role of PMX-DHP therapy in the management of AE-IPF. Kono et al. reported that a long duration of PMX-DHP was more efficacious for AE-IPF than a short perfusion duration (29). Therefore, we performed PMX-DHP therapy for 6 h/day. Although our study design did not allow an evaluation in regard to whether the treatment duration affected survival, it seems likely that the treatment duration is a prognostic factor. In our study, the P/F ratio, which is a significant prognostic factor in patients with ARDS (36), has also been found to be a significant prognostic factor in patients with AE-IPF.
The present study is associated with some limitations. First, it was a retrospective study with a small number of patients. Second, various therapies or management strategies combined with PMX-DHP treatment may have influenced the clinical outcomes. Finally, we could not perform pathological examinations of biopsy specimens because of the risk of patient deterioration.
In conclusion, this study showed that PMX-DHP may improve the prognosis of AE-IPF, and that the time from AE-IPF onset to PMX-DHP treatment was an important predictors of outcome. Despite these limitations, our data provide a basis for future, prospective controlled studies on PMX-DHP therapy in AE-IPF patients stratified by time from onset.
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